This study investigated the effect of two willow (Salix spp.) biochars, produced using either fast-or slow-pyrolysis, on the bioavailability of metsulfuron and sulfentrazone herbicides in soil. Five rates (0%, 1%, 2%, 3%, and 4%; w/w) of each biochar were used, along with varying rates of metsulfuron (0-3.2 µg ai kg −1 ) and sulfentrazone (0-200 µg ai kg −1 ), followed by a sugar beet bioassay. The fast-pyrolysis biochar had minimal effect, while the slow-pyrolysis biochar decreased the bioavailability of both herbicides. Despite using the same feedstock, the two biochars had different physical and chemical properties, of which specific surface area was most contrasting (3.0 and 175 m 2 g −1 for fast-and slow-pyrolysis biochar, respectively). Increased anionic herbicide adsorption associated with greater surface area of the slow-pyrolysis biochar is considered to be the primary mechanism responsible for reducing herbicide bioavailability with this biochar.
Thermal decomposition of biomass in the absence of oxygen, called pyrolysis, yields solid (biochar and/or ash), liquid (bio-oil), and gas (syngas) co-products. Ratios of these products, along with the physical and chemical properties of the biochar produced, vary with pyrolysis conditions. In fast pyrolysis, the heating rate is very fast, the residence time is short, and the primary product is bio-oil with biochar yields of only ~ 20%. In slow pyrolysis, the heating rate is slow, the residence time is long, and the primary product is biochar. Reactor temperatures vary widely between fast (400-600°C) and slow (350-800°C) pyrolysis (Brewer 2012) . In general, the higher the pyrolysis temperature, the lower carbon concentration, higher porosity (consequently larger specific surface area; SSA), and lower cation exchange capacity (CEC) of the biochar produced (Brown et al. 2006; Cao and Harris 2010; Zhang et al. 2011; Cantrell et al. 2012) . Biochar properties also vary with the biomass source from which it is derived. Biomass can be any organic material such as crop residue, woody debris, compost, or animal waste. Biochars produced from manures are often rich in inorganic minerals compared to lignocellulosic biochars (Cao and Harris 2010; Cantrell et al. 2012) .
There are multiple environmental and agronomical benefits of biochar addition to soil such as sequestering carbon and reducing greenhouse gas emissions (Lehmann et al. 2006; Spokas et al. 2009; Hangs et al. 2016) , improving soil microbial activity and water holding capacity (Lehmann et al. 2011; Karhu et al. 2011) , altering soil nutrient availability and potentially increasing crop production (Jeffery et al. 2011; Ahmed and Schoenau 2015) , and remediating contaminated soils (Beesley et al. 2011; Park et al. 2011 ). Due to their porous structure, biochars sorb and retain a variety of organic compounds from soil including soil-applied herbicides potentially impacting herbicide efficacy. The degree of sorption varies depending on the biochar physical and chemical properties and its application rate. Spokas et al. (2009) observed an increased sorption, particularly at low herbicide concentration, and slower dissipation of atrazine and acetochlor in soil amended with 5% (w/w) fast pyrolysis (500°C) saw dust biochar. Yang et al. (2006) reported the presence of 1% (w/w) wheat straw biochar (produced under natural field conditions) in soil resulted in a 7-80-fold greater diuron herbicide sorption thus, reducing the bioavailability and efficacy of this herbicide. Sorption experiments using atrazine and simazine conducted by Zheng et al. (2010) showed the affinity of the biochar prepared from various wood chips (450°C) increased with decreasing biochar:solution ratio, and herbicide sorption was favored by low pH. Graber et al. (2011) reported that concentration of a fumigant 1,3-dichloropropene in the aqueous phase of a soil-1% biochar mixture was reduced due to strong sorption to the biochar produced from corn straw by fast pyrolysis (500°C).
Metsulfuron and sulfentrazone herbicides are commonly used for weed control in western Canadian crop production (Government of Saskatchewan 2017). Metsulfuron is a Group 2 (acetolactate synthase inhibitor) herbicide; it inhibits the biosynthesis of branched amino acids and primarily affects root growth of susceptible plants through inhibition of cell division at the root tips. Sulfentrazone is a Group 14 (protoporphyrinogen oxidase inhibitor) herbicide; the inhibition of protoporphyrinogen oxidase leads to the disruption of lipid cell membranes and consequently causes shoot desiccation after plants emerge from soil and are exposed to light. Metsulfuron is used by producers to primarily control broadleaf weeds when growing spring wheat (Triticum aestivum L.), durum (Triticum durum L.), and barley (Hordeum vulgare L.). Sulfentrazone is used to control grass and broadleaf weeds when growing chickpea (Cicer arietinum L.), field pea (Pisum sativum L.), and flax (Linum usitatissimum L.). Objectives of this study were to evaluate the effect of willow (Salix spp.) biochar, produced using either fast or slow pyrolysis, on the bioactivity of metsulfuron and sulfentrazone in soil.
Materials and Methods
Soil for this study was collected from the upper slope position in a farm field (50.735782N -106.437391W) near Central Butte, SK, Canada. Soil was air-dried at room temperature and passed through a 2-mm sieve. The soil had the following selected properties: 1.3% organic carbon content, pH 7.8, 31% clay content, 51% sand content, and 14% moisture content at field capacity (Szmigielski et al. 2008) .
Willow (Salix spp.) fast-pyrolysis and slow-pyrolysis biochars were obtained from Saskatchewan Research Council (Saskatoon, SK, Canada) and from Biochar Solutions Inc. (Carbondale, CO, USA), respectively. Details of the pyrolysis procedures and the selected biochar characteristics and analytical methodology originally reported in Hangs et al. (2016) and Ahmed and Schoenau (2015) are listed in Table 1 . Briefly, fast-pyrolysis biochar was prepared by first grinding the shredded willow into fine particles (1.3 cm or below), drying the particles to below 10% moisture content, and pyrolysing the biomass at 400°C for 1 min. The slowpyrolysis biochar was produced from the shredded feedstock in a two-stage process by first carbonizing the feedstock in an oxygen-limited environment at a temperature of 700-750°C for < 1 min and then holding the material with no oxygen available at 400-550°C for 14 min.
Each biochar was added to soil at 1%, 2%, 3%, and 4% (w/w) by transferring 0.5, 1, 1.5, and 2.0 g of biochar to 49.5, 49.0, 48.5, and 48.0 g of dry soil, respectively, in styrofoam cups. Unlike the powder form of the fast-pyrolysis biochar, the slow-pyrolysis biochar was chunky, which necessitated crushing the chunks to pass through a 0.5-mm sieve prior to use to facilitate homogenous distribution throughout the soil. After mixing the dry soil and biochar, the herbicide solution treatment was applied with the water required to bring the matrix to field capacity.
Technical grade metsulfuron (93% pure; Du Pont Inc., Mississauga, ON, Canada) and a commercial sulfentrazone formulation 'Authority' (containing 480 g ai L −1 concentrate, FMC Corporation, Saskatoon, SK, Canada) were used for the herbicide solution preparation. Metsulfuron (0.32 mg ai L −1 ) and sulfentrazone (100 mg ai L −1 ) stock solutions were prepared, and then further diluted to yield standard solutions in concentrations ranging from 0 to 0.32 mg ai L −1 metsulfuron and from 0 to 20 mg ai L −1 sulfentrazone. All solutions were stored at 4°C prior to use. Water holding capacity of soil amended with biochar was estimated as described in Szmigielski et al. (2009) . Addition of biochar to soil at 1%, 2%, 3%, and 4% (w/w) increased water holding capacity of the soil from 14% for the control soil to approximately 14.5%, 15.0%, 16.0% and 16.5%, and to 15.5%, 17.0%, 19.0% and 21.0%, for fast-and slow-pyrolysis biochar, respectively.
Addition of herbicide and water to soil was accomplished by first combining herbicide standard solution (0.5 mL) and water (volume equivalent to half of the estimated water holding capacity minus 0.5 mL) in a small beaker and then transferring this solution to 50 g of soil yielding herbicide concentration in soil from 0 to 3.2 µg ai kg −1 and 0-200 µg ai kg −1 metsulfuron and sulfentrazone, respectively. These concentrations fall within the range anticipated in surface (0-10 cm depth) soil following application at recommended rates for weed control. After addition of herbicide and water, soil was transferred to a plastic tray and hand-mixed until an even distribution of biochar and moisture was obtained prior to transferring to a 2-oz WhirlPack ® bag (VWR International, Mississauga, ON, Canada) and being gently packed.
The herbicide bioactivity assay was performed as described in Szmigielski et al. (2008) and replicated three times. Six sugar beet (Beta vulgaris L.; 'Beta 1385') seeds were planted within each WhirlPack ® bag. Plants were grown in the laboratory under fluorescent light with photon flux density of 16 µmol m −2 s −1 and were watered daily to maintain field capacity soil moisture conditions. For the detection of metsulfuron bioactivity, plants were grown for 4 days, and after removing intact plants from the bags, root lengths were measured. For the assessment of sulfentrazone bioactivity, sugar beet plants were grown for 6 days, and the shoot lengths were measured. The advantage of short bioassays is that effects of herbicide dissipation and growing medium fertility are minimized, and the measured plant response is primarily due to the added herbicide. Root and shoot length inhibition (%) were calculated as 100 − % of control and averages of three replications were calculated for each herbicide concentration. Higher values of root or shoot length inhibition (%) indicate greater bioactivity of a herbicide in soil. A log-logistic model was used to determine the relationship between plant growth responses (i.e., % inhibition) to added herbicide (Seefeldt et al. 1995) :
where C is the lower limit of the curve, D is the upper limit of the curve, b is the slope of the curve around GR 50 value, and GR 50 is the concentration corresponding to 50% inhibition. Higher GR 50 values indicate lower bioactivity of herbicide in soil.
Log-logistic dose-response curves were constructed using SigmaPlot version 11.0 (Systat Software, Inc., Chicago, IL, USA). Comparisons of GR 50 values, estimated from dose-response curves were performed using the asymptotic z-test at the 0.05 significance level (Szmigielski et al. 2012) .
Results and Discussion
The soil amendment from 0% to 4% (w/w) with the two biochars had different effects on the bioavailability of herbicides. Addition of the fast-pyrolysis biochar to soil had little impact on metsulfuron (Fig. 1a ) and no effect on sulfentrazone (Fig. 2a) bioactivity, whereas amending the soil with slow-pyrolysis biochar caused a substantial decrease in bioavailability of both herbicides (Figs. 1b, 2b ) to the point of no sulfentrazone bioactivity detected at 4% biochar content. For the fast-pyrolysis biochar, metsulfuron GR 50 values were not different up to 2% biochar content and increased only slightly at 3% and 4%, and sulfentrazone GR 50 values were not different (Table 2) . For the slow-pyrolysis biochar, GR 50 values of both herbicides increased significantly with increasing biochar content ( Table 2) . It should be noted that the standard errors of the GR 50 values for the slowpyrolysis biochar content of 3% and 4% were not estimated because both herbicides were inhibited to the extent that the dose-response curves represented only the beginning of (Table 2) . These GR 50 values were not included in the z-test comparisons. Based on the GR 50 values, soil amended with the slow-pyrolysis biochar at 1% and 2% would require approximately three or four times higher concentration of herbicides to achieve the same level of herbicide efficacy as in non-amended soil. Amendment with 3% and 4% w/w of the slow-pyrolysis biochar would greatly reduce herbicide activity and weed control. The two biochars evaluated in this study had different physical and chemical properties of which SSA was the most contrasting (3.0 and 175 m 2 g −1 for the fast-and slowpyrolysis biochar, respectively) ( Table 1) . Biochar porosity and surface area vary with production temperature. As moisture and other volatile compounds are removed during the pyrolysis process, voids within the biochar matrix are created, and the biochar becomes more porous (Brewer 2012) . Surface area for lower-temperature (< 400°C) biochars is often < 10 m 2 g −1 because large pores are formed. Smaller pores are formed at higher pyrolysis temperatures (> 600°C), longer residence times and/or the use of activation processes, and the biochar surface area may be as high as 400 m 2 g −1 (Brown et al. 2006; Cao and Harris 2010; Zhang et al. 2011; Cantrell et al. 2012) . Typically, biochars with high SSA sequester organic chemicals in soil more effectively than the low-surface area biochars as has been shown for biochars produced at varying temperature from red gum woodchips (Yu et al. 2009 (Yu et al. , 2010 , cotton straw (Yang et al. 2010) , wood (Graber et al. 2012) , corn straw (Zhang et al. 2011) , and dairy manure (Cao et al. 2009; Cao and Harris 2010) . Metsulfuron and sulfentrazone have residual properties and may persist in some soils, particularly under conditions of low moisture and cool temperature, resulting in 'carry over' injury to subsequent crops. Soil amendment with a biochar may be considered as an option to inhibit the bioactivity of the residual herbicide. However, as shown in this study, low-surface area biochar will have little or no effect on inactivation of herbicides in soil. The application of a highsurface area biochar to a farm field should be considered with caution as the biochar may have a negative effect on weed control from such anionic herbicides that rely mainly (a) (b) Fig. 2 Sugar beet shoot length inhibition in response to sulfentrazone in soil amended with increasing concentration of a fast-pyrolysis biochar and b slow-pyrolysis biochar (Jones et al. 2011) , and consequently, higher herbicide application rates may be required. While biochar amendment of soil is useful from the environmental and soil improvement perspective, further research on how biochar influences the efficacy of soil-active agrochemicals is needed.
